functions, resulting in endoplasmic reticulum stress (ERS). In turn, ERS stimulates the unfolded protein response (UPR) and restores cellular homeostasis while sustained ERS leads to cell apoptosis. [2] [3] [4] Many studies have shown that ERS is involved in the development and progression of neurodegenerative diseases such as AD, Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis [5] although the underlying mechanisms still remain blurred.
The activation of the UPR pathway requires the activation of three sensor proteins: inositol-requiring enzyme 1 (IRE-1), activating transcription factor 6 (ATF6), and protein kinase RNA-like ER kinase. [6, 7] These sensors serve to promote the expression of chaperone protein, glucose-regulated protein (GRP) 78, to repair misfolded or unfolded proteins, to accelerate ER-associated protein degradation (ERAD), [8] and to aggravate the phosphorylation of eukaryotic translation initiation factor 2α. This reduces protein translation and ER load to restore protein homeostasis and protect cells. Sustained ERS induces the activation of the ER-specific apoptosis pathway by promoting the expression of the transcriptional activator CCAAT/enhancer-binding protein homologous protein (CHOP) and caspase-12 activation. [9] Activated IRE-1 interacts with tumor necrosis factor receptor-associated factor 2 (TRAF2) and apoptosis signal-regulating kinase 1 (ASK1) via the cytosolic enzyme domain to form IRE-1-TRAF2-ASK1 complexes, which in turn stimulate the c-Jun amino-terminal kinase (JNK) pathway to promote cell apoptosis, thus preventing the damaging impact of misfolded and secreted proteins on tissues and organisms.
Genetic mutations in AD lead to Aβ overexpression in the brain and subsequent neurotoxicity, which leads to pathogenesis. The five familial Alzheimer's disease (5×FAD) mice were established by overexpressing the five familial-inherited AD mutant genes (APP K670N/ M671L [Sweden]+I716V [Florida] +V717I [London]+PS1 M146L+L286V) under the control of the neuron-specific Thy-1 promoter. This mouse model is characterized by many pathological features similar to AD, including amyloid plaque deposition, gliosis, neuronal degeneration, neuronal loss, and cognitive deficits at the age of 4-5 months. More importantly, this mouse model has been documented to show the earliest signs of intracellular Aβ aggregation in neurons in 1.5-month-old mice, which indicates these mice as a suitable candidate to investigate the early events of AD. [10] In this study, we investigated the time-ordered changes of pro-apoptotic and anti-apoptotic factors to determine the role of the UPR signaling pathway in cognitive decline of 5×FAD mice. The outcome may clarify the role of ERS in the pathological progression of AD.
Methods

Animal feeding and grouping
The 5×FAD APP/PS1 transgenic B6/SJL mice with five familial inherited AD mutant genes (APP K670N/ M671L [Sweden]+I716V [Florida]+V717I [London]+PS1 M146L+L286V) under the control of the neuron-specific Thy-1 promoter and wild-type (WT) B6/SJL mice with the identical genetic background were provided by Prof. Marry Jo Ladu (Department of Anatomy and Cell Biology, University of Illinois at Chicago, USA). Experimental animals were housed in a pathogen-free colony (IVC System, Tecniplast, Italy) and allowed free access to food and water. They were raised, 4-5 animals/cage, under 12-h light/12-h dark conditions at 22°C-25°C with a humidity of 50-60%. All protocols and procedures used in this study were approved by the Institutional Animal Care and Use Committee at Fujian Medical University in compliance with the US National Institutes of Health "Guidelines for the Care and Use of Laboratory Animals". The 5×FAD transgenic and WT mice at 2, 7, or 12 months of age were used for subsequent experiments with 10-14 animals per group (n = 12 in each 2-month-old group, n = 10 in each 7-month-old group, n = 10 in the 12-month-old WT group, and n = 14 in the 12-month-old 5×FAD group).
Behavior analysis
Morris water maze tests were performed as described previously. [11] The swimming behavior of mice was evaluated four times a day for 5 days. The swimming trace was monitored by camera and analyzed with SMART 2.0 software (PanLab, Barcelona, Spain). The escape latency(s) and number of crossings over a hidden platform in 60 s were recorded.
Immunohistochemistry
Mice were anesthetized using 10% chloral hydrate by intraperitoneal injection (3 ml/kg). Then, left ventricular perfusion was performed and brain tissues were isolated quickly on ice. Brain tissues were cut along the central sagittal suture, and the left hemisphere was fixed in 4% paraformaldehyde/0.1 mol/L phosphate-buffered saline (pH 7.4) at 4°C for 24 h, followed by dehydration in 30% sucrose buffer for 48-72 h. The brain tissues were then embedded and cut into 30 μm cortical slices using a freezing microtome (CM1850, Leica, Wetzlar, Germany) and stored at −20°C. Immunohistochemistry was performed as follows: [10] brain slices were washed with Tris-buffered saline (TBS) and treated with 10% hydrogen peroxide at room temperature for 10 min to diminish endogenous catalase activity. The brain slices were then blocked with a buffer (containing 5% goat serum [GS], 0.25% bovine serum albumin [BSA], 0.3% Triton X-100, TBS) at room temperature for 1 h. Primary antibodies 6E10 (1:8000, Covance, Princeton, NJ, USA) and NeuN (1:4000, Abcam, Cambridge, UK) were diluted in a buffer (containing 2% GS, 0.25% BSA, 0.3% Triton X-100, TBS) and incubated at 4°C overnight. Biotin-labeled secondary antibodies anti-mouse IgG (1:600) and anti-rabbit IgG (1:400) (Vector Laboratories, Burlingame, CA, USA) were added subsequently and incubated at room temperature for 1.5 h. 3,3'-diaminobenzidine staining was employed, and slices were air-dried at room temperature overnight. The slices were then hydrated for 5 min, dehydrated using an ethanol gradient, treated with xylene, and finally mounted with neutral balsam. The slices were imaged using a microscopy (Leica DM 4000B, Germany), and image acquisition was performed with Image-Pro Express 5.1 image analysis software (Media Cybernetics, Rockville, MD, USA). For quantitative analysis, 6 mice were randomly selected from each group and 3 consecutive sections of each mouse were measured. The prefrontal cortex region was selected as regions of interest, and the identical area within the measuring frame in a 10× objective lens was labeled. The number of neurons in the frame was counted by 40× magnification. The clear brown cellular boundaries were considered positive although positive cells outside the frame were rejected. "Cells" that were lightly stained or had irregular shapes were excluded from quantification. Then, the mean value for each mouse was calculated.
Immunocytochemistry
Brain slices were washed with TBS buffer and blocked with a specific buffer (containing 5% donkey serum [DS], 0.25% BSA, 0.3% Triton X-100, TBS) at room temperature for 1 h. The primary antibodies (diluted in 2% DS, 0.25% BSA, 0.3% Triton X-100, TBS) used were: 6E10, GRP 78 (1:50, Santa Cruz, CA, USA), CHOP (1:50, Santa Cruz), glial fibrillary acidic protein (GFAP) (1:4000, Millipore, Boston, USA), and β-III-tubulin (1:4000, Abcam). The 6E10 was co-incubated with GRP 78, CHOP, GFAP, and tubulin primary antibodies. GRP 78 or CHOP was incubated with GFAP and β-III-tubulin. Primary antibodies were added and incubated at 4°C overnight. Alexa Fluor 488-or 594-conjugated donkey anti-mouse or anti-rabbit IgG (1:1500, Invitrogen, Carlsbad, CA, USA) were then added and incubated at room temperature in the dark for 1.5 h. The 4',6-diamidino-2-phenylindole (DAPI) (diluted by 1:8000 in H 2 O) was then added and incubated for 5 min. ProLong Gold antifade reagent (Invitrogen) was used for slice mounting, and slices were imaged using confocal microscopy (Leica TCS SP5, Leica Microsystems Wetzlar GmbH, Germany).
Western blots
Isolated mouse cortical tissues were added into tissue lysates (1% Triton X-100, 50 mmol/L sodium fluoride, 2 mmol/L sodium orthovanadate, 10 mmol/L β-sodium glycerophosphate, 10 mmol/L sodium pyrophosphate, 1% protease inhibitor cocktail [p8340, Sigma-Aldrich, St. Louis, MO, USA] dissolved in TBS buffer, pH 7.4) at a ratio of 1:10 (mg/ml). The mixture was incubated on ice for 30 min, and lysis was performed using the ultrasound method. The lysates were centrifuged at 16,000 ×g at 4°C for 25 min. Supernatants were collected and proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently, the proteins were transferred to polyvinylidene fluoride (PVDF) membranes and blocked with 3% nonfat milk or 5% BSA in TBST buffer at room temperature for 2 h. The membranes were incubated at 4°C overnight with the following primary antibodies: GRP 78 (1:200), CHOP (1:500), SAPK/JNK (1:1000, Cell Signaling, Boston, USA), p-SAPK/JNK (Thr183/Tyr185) (1:1000, Cell Signaling), caspase-12 (1:500, Cell Signaling), cleaved caspase-3 (1:500, Cell Signaling), SYVN1 (1:2000, Abcam), β-actin (1:2000, Abcam), and β-III tubulin (1:100,000). Horseradish peroxidase-labeled goat anti-rabbit or anti-mouse IgGs (1:2000) were subsequently added and incubated at 37°C for 1.5 h. ImageJ software (National Institutes of Health, Bethesda, MA, USA) was used for quantitative analysis.
Statistical analysis
Quantitative data were expressed as the mean ± standard error (SE) and analyzed with the GraphPad Prism 6.01 software package (GraphPad, San Diego, CA, USA). Escape latency in the behavior analysis was performed using a repeated-measure multiway analysis of variance (ANOVA) while other data were evaluated using two-way ANOVA. If the main effects and the interaction were significant, the genotypes were compared by Student's t-test, or multiple conditions among the same genotype were evaluated with one-way ANOVA. Multiple comparisons were analyzed by Bonferroni post hoc test. A value of P < 0.05 was considered statistically significant.
results
Increased amyloid β induces the declined cognition in 7-month-old five familial Alzheimer's disease mice and the loss of neurons in the frontal cortex of the 12-month-old ones
To investigate cognitive changes, we tested mice's behavioral performance in the Morris water maze. We found that compared with age-matched WT mice, 7-and 12-month-old 5×FAD mice displayed a prolonged escape latency (F = 14.710, P < 0.01 for 7-month-old; F = 5.939, P < 0.05 for 12-month-old), indicating an obvious decline in learning ability and memory retention. In the probe trial, when the platform was removed, the 7-and 12-month-old 5×FAD mice crossed significantly less over the location of the removed platform than age-matched WT mice (t = 2.331, P < 0.05 for 7-month-old; t = 2.075, P < 0.05 for 12-month-old) [ Figure 1a ]. Immunohistochemical analysis showed that Aβ was mainly localized in pyramidal neurons situated deep within the fifth layer of the cortex in 2-month-old mice. Aβ accumulation was increased in the brain tissues of 7-month-old mice and amyloid plaque deposition appeared around neurons secreting Aβ. In 12-month-old mice, a large amount of plaque deposition was observed in the brain tissues [ Figure 1b ]. Furthermore, we examined cleaved caspase-3 (the activated form), an executor molecule, in the apoptotic cascade by Western blots. Levels of cleaved caspase-3 in 5×FAD mice were increased in a time-dependent manner. Cleaved caspase-3 levels of 5×FAD mice were higher than those of WT mice at all-time points. The increase was significant at the age of 12 months (n = 8, t = 2.504, P < 0.05) [ Figure 1c ]. The number of neuron-positive staining in 12-month-old 5×FAD decreased in the fifth layer of the cortex when compared with that of the age-matched WT mice, indicating neuronal loss in 5×FAD mice (n = 6, t = 2.987, P < 0.05) [ Figure 1d and 1e].
Anti-apoptotic factors, glucose-regulated protein 78 and SYVN1, are significantly upregulated in 2-month-old five familial Alzheimer's disease mice GRP 78 is a chaperone specifically localized in the ER, whose expression increases in response to ERS and serves as an ER-specific marker. [6] In wild mice, GRP 78 expression increased insignificantly from the age of 2-7 months. In 5×FAD mice, GRP 78 expression decreased from the age of 2 to 12 months (n = 6, t = 5.629, P < 0.01 for 12 vs. 2 months). Interestingly, at the age of 2 months, GRP 78 expression in 5×FAD mice was significantly higher than that in age-matched WT mice (n = 6, t = 2.549, P < 0.05) [ Figure 2a ]. The GRP 78 expression was further detected by immunofluorescence. GRP 78 expression (stained green) in WT mice increased gradually from the age of 2-12 months. In 2-month-old 5×FAD mice, GRP 78 expression was higher than that of age-matched WT mice in the fifth layer of the cortex [ Figure 2c ]. Furthermore, GRP 78 staining was localized mainly in the staining of β-III tubulin (red), not in the staining of GFAP (red). Meanwhile, the distribution of Aβ and GRP 78 staining (red) was localized totally with the 6E10 staining (green), as shown in Figure 2d . These data indicate that GRP 78 is expressed mainly in neurons, not in astrocytes.
SYVN1, a component of the ERAD pathway, is involved in the degradation of abnormal proteins to reduce ERS-induced apoptosis. At the age of 7 months and 12 months, no significant difference in SYVN1 expression was observed between 5×FAD mice and WT mice. However, at the age of 2 months, SYVN1 expression in 5×FAD mice was obviously higher than that in age-matched WT mice (n = 5, t = 2.000, P < 0.05) [ Figure 2b ].
Pro-apoptotic factors, CHOP and cleaved caspase-12, are significantly increased in five familial Alzheimer's disease mice
Although CHOP is rarely expressed in normal neurons, its expression can be increased by ERS to promote ER-specific apoptosis. [12] In the current study, Western blots analysis revealed that CHOP expression increased with age in both WT mice and 5×FAD mice (n = 7, t = 2.806, P < 0.05 for 12-month-old WT mice vs. 2-month-old WT mice). Of note, compared with age-matched WT mice, CHOP expression increased significantly in 2-month-old 5×FAD mice (n = 7, t = 2.322, P < 0.05) [ Figure 3a ]. The CHOP expression was further detected by immunofluorescence and the CHOP staining (red) showed the same changing trend as that of the Western blots assay [ Figure 3d ]. Punctate distribution of CHOP in the cytoplasm and nucleus indicated CHOP activation, which serves as a transcription factor. Furthermore, CHOP staining (green) was localized mainly in the staining of β-III tubulin (red), not in the staining of GFAP (red). Meanwhile, CHOP staining (red) was localized totally with the 6E10 staining (green), as shown in Figure 3e . These data indicate that CHOP is predominantly expressed in 6E10-positive neurons, not in astrocytes. We further investigated the cleaved caspase-12 level by Western blots assay. The cleaved caspase-12 expression was gradually increased with age in both WT mice (n = 6; t = 6.280, P < 0.01 and t = 2.625, P < 0.05, for 7-and 12-month-old mice vs. 2-month-old ones, respectively) and 5×FAD mice (n = 6, t = 3.320, P < 0.05, t = 3.427, P < 0.05 for 7-and 12-month-old mice vs. 2-month-old ones, respectively). Of note, caspase-12 activation was higher in 5×FAD mice at 2-, 7-, and 12-month-old when compared with the activation status observed in WT mice. This increase was significant at 2 and 7 months of age (n = 6, t = 5.365, P < 0.01 for 2-month-old mice; t = 2.869, P < 0.05 for 7-month-old mice) [ Figure 3b ].
A recent study has reported that the p38 pathway is simultaneously activated to promote CHOP transcription to induce cell apoptosis. [13] However, it remains unknown if JNK signaling is activated to trigger CHOP. The present data displayed that p-JNK/JNK increased mildly in 5×FAD mice at 2-and 12-month-old when in comparison with the levels detected in WT mice although the increase was not statistically different. These observations indicate that cell apoptosis in 5×FAD mice is not dependent on the JNK pathway [ Figure 3c ].
Taken together, these data suggest that ERS-specific CHOP and cleaved caspase-12 are sustainably upregulated in 5×FAD mice. dIscussIon In 5×FAD mice, we observed that neuronal loss and cleaved caspase-3 increase at the age of 12 months, cognitive deficit at the age of 7 months and 12 months. Interestingly, at the age of 2-month-old 5×FAD mice, the related factors involved in the ERS-associated UPR pathway, including CHOP, cleaved caspase-12, GRP 78, and SYVN1, were significantly increased compared with those in age-matched WT mice. These findings suggest that 2-month-old 5×FAD mice exhibit enhanced ERS-associated UPR pathway, consistent with intracellular Aβ aggregation in neurons.
Oakley et al. [10] reported, in 5×FAD brain, accumulated intraneuronal Aβ 42 starting at 1.5 months of age, the presence of cerebral amyloid plaques and gliosis at 2 months of age, decreased synaptic markers including synaptophysin and postsynaptic density 95 (PSD95) accompanied by cognition deficit at 4 months of age, and pyramidal neuron loss in cortical layer 5 at 9 months of age. Consistently, in our study, the deposit of intra-and extra-neuronal Aβ increased with age in 5×FAD brain; neuronal loss in cortical layer 5 was observed at 12 months of age; however, before significant neuron loss, impaired memory of 5×FAD mice at 7 months of age was monitored in the Morris water maze. Our previous study [14, 15] has also shown that cognitive impairment present in 5×FAD mice was accompanied by structural degradation of synapses and decreased expression of synaptophysin and PSD95 in the brain at the age of 6-7 months.
Under physiological conditions, approximately one-third of proteins in the ER are assembled abnormally and do not form mature proteins. Aberrant proteins are bound by chaperone proteins, such as GRP 78, to be repaired or transported into the ER-associated ubiquitin-proteasome system for degradation via the ERAD pathway, which serves as an accurate quality control system. [16] ERAD promotes the interaction between ubiquitin and proteins waiting for degradation via E1, E2, and E3. Ubiquitin-labeled proteins are subsequently degraded by the 26S proteasome. An impaired proteasome system leads to accumulation of aberrant proteins and increased risk of cell death. [17] Sustained ERS induces the activation of the ER-specific apoptosis pathway by promoting the expression of CHOP and caspase-12 activation. ERS characterized by increased ERS-specific apoptosis is obvious in postmortem examinations of brain tissues of AD patients. [18] [19] [20] In vitro experiments have also confirmed that Aβ induces the cellular ERS response directly, [21, 22] indicating that abnormal aggregation of Aβ is responsible for ERS induction. [23] [24] [25] Other studies have shown that astrocytes and macrophages also induce ERS. [26, 27] However, in our study, the co-immunostaining of GRP 78 and CHOP with astrocytic or neuronal markers showed that ERS in cortical tissues occurred mainly in neurons. Therefore, the ERS-associated proteins examined here represent neuronal ERS and reveal the impact of the UPR on neuronal functions under Aβ-induced stress conditions.
In this study, we selected mice at 2, 7, and 12 months of age to investigate the changes of ERS-associated proteins in 5×FAD mice and WT mice. Our results showed that the expression of GRP 78 and SYVN1 changed without statistical significance but displayed an early-increase and subsequent-decline tendency from 2 to 12 months in WT mice. Interestingly, at the age of 2 months, the expression of GRP 78 and SYVN1 in 5×FAD brains was significantly higher than that in WT mice; however, at the age of 12 months, GRP 78 level in 5×FAD brains significantly declined when compared with that of 2-month-old 5×FAD mice. Meanwhile, the expression of CHOP and cleaved caspase-12 increased continuously with age, either in 5×FAD mice or in WT mice. Of note, the level of CHOP and cleaved caspase-12 in 5×FAD mice was obviously higher than that in WT mice. Altogether, we speculate that Aβ in 2-month-old 5×FAD brains lead to higher ERS level than that of WT mice, which produces a cellular protective effect, on the one hand, up-regulating the expression of ER chaperones and related degradation proteins mainly via pIRE1a-XBP1s and ATF6a pathways at the early stage of AD to eliminate Aβ; on the other hand, inducing increased expression of downstream signaling pathways molecules, especially pro-apoptotic proteins (cleaved caspase-12 and CHOP). Interestingly, no significant differences in pJNK/JNK levels were found between 5×FAD mice and WT mice at different periods, which indicates that the pJNK/JNK pathway is not involved in Aβ-induced ERS. Under sustained stress conditions caused by the Aβ-associated toxic effects, the protective function of the UPR declines and the pro-apoptotic functions are enhanced gradually. The pro-apoptotic functions of the UPR may lead to functional impairment of neurons and even death [ Figure 4 ].
Figure 4:
Schematic drawing shows that activated UPR pathways of ERS induced by intraneuronal β-amyloid in 5×FAD mice. Aβ in 2-month-old 5×FAD brains lead to higher ERS level than that of WT mice, which produces a cellular protective effect, on the one hand, up-regulating the expression of ER chaperones and related degradation proteins mainly via p-IRE-1α-XBP1s and ATF6α pathways at the early stage of AD to eliminate Aβ; on the other hand, inducing increased expression of downstream signaling pathways molecules, especially pro-apoptotic proteins (cleaved caspase-12 and CHOP). Under sustained stress conditions caused by the Aβ-associated toxic effects, the protective function of the UPR declines and the pro-apoptotic functions are enhanced gradually. The pro-apoptotic functions of the UPR may lead to functional impairment of neurons and even death. UPR: Unfolded protein response; ERS: Endoplasmic reticulum stress; Aβ: Amyloid β; 5×FAD: Transgenic mice with five familiar Alzheimer's disease; p-PERK: Phosphorylated protein kinase RNA-like ER kinase; p-eIF2α: Phosphorylated eukaryotic translation initiation factor 2α; ATF4: Activating transcription factor 4; CHOP: CCAAT/enhancer-binding protein homologous protein; p-IRE-1α: Phosphorylated inositol-requiring enzyme 1α; XBP1s: Spliced X box-binding protein 1; ATF6α: Activating transcription factor 6α; GRP 78: Glucose-regulated protein 78; ERAD: Endoplasmic reticulum-associated protein degradation; SYVN1: Ubiquitin ligase synovial apoptosis inhibitor 1; TRAF2: Tumor necrosis factor-receptor-associated factor 2; ASK1: Apoptosis signal-regulating kinase 1; JNK: c-Jun amino-terminal kinase.
In conclusion, current data reveal that intracellular Aβ aggregation induces obvious ERS in neurons at the early stage of 5×FAD brains. Imbalanced regulation of GRP 78 or SYVN1 and CHOP or cleaved caspase-12 may be involved in the resistance to the restoration of ER homeostasis in Aβ-secreting neurons. If the development of ERS can be delayed or reduced appropriately or the protective functions of the UPR can be enhanced exogenously, the capacity of the ER to tolerate abnormal proteins can be increased to delay cell damage and disease progression. Targeting at ERS to control the pathophysiological changes at the early stage of AD may be a better strategy for the prevention and treatment of AD.
